We used microarray analysis with Affymetrix rat chips to determine gene expression profiles of freshly isolated rat TI and TII cells and cultured TII cells. The goals of this study were: 1) to describe molecular phenotypic "fingerprints" of TI and TII cells; 2) to gain insight into possible functional differences between the two cell types through differentially expressed genes; 3) to identify genes that might indicate potential functions of TI cells, since so little is known about this cell type; and 4) to ascertain the similarities and differences in gene expression between cultured TII cells and freshly-isolated TI cells. For these experiments, we used preparations of isolated TI and TII cells that contained <2% cross-contamination. Using a false discovery rate of 1%, there were 601 genes demonstrating >2 fold different expression between TI and TII cells. Those genes with very high levels of differential expression may be useful as markers of cell phenotype and in generating novel hypotheses about functions of TI and TII cells. We found similar numbers of differentially expressed genes between freshly isolated TI or TII cells and cultured TII cells (698, 637 genes) and freshly isolated TI and TII cells (601 genes). Tests of sameness/difference including cluster dendrograms and log/log identity plots indicated major differences between the phenotypes of the freshly isolated TI cell and cultured type II cell populations. The latter results suggest that experiments with TII cells cultured under these conditions should be interpreted with caution with respect to biologic relevance to either TI or TII cells.
INTRODUCTION
The alveolar epithelium, which covers more than ninety-nine percent of the very large internal surface area of the lung, is comprised of two cell types, type I (TI) and type II (TII) cells. TI cells are very large squamous cells with calculated diameters of 50-100 µm and volumes of 3000 cu µm (56). Two or more very thin (~50 nm) cytoplasmic sheets extend from the nucleus of the TI cell to cover the basement membrane that separates the epithelium from the interstitium. TI cells cover more than 98% of the internal surface area of the lungs. In contrast, TII cells are smaller, cuboidal cells (diam. ~10 µm) characterized morphologically by surfactant-containing secretory granules called lamellar bodies. TI cells have an extremely high water permeability (13) and are capable of transporting ions (4, 33) , suggesting that TI cells may play a role in lung liquid homeostasis. Additional functions of TI cells have been proposed, based on the known properties of several genes expressed in this cell type (9, 49, 62) . TII cells, which cover the remainder of the alveolar surface, synthesize, secrete, and recycle surfactant components [reviewed in (51) ]; TII cells also have the capacity to transport ions (26, 45), synthesize immune effector molecules (47, 57, 60) , and act as progenitor cells following injury to the alveolar epithelium (21).
Although various genes and gene products have been shown to be differentially expressed between type I and type II cells (9, 15, 18, 35, 49, 60, 62) , detailed molecular phenotypes of TI and TII cells have not been described. Because TII cells cultured on tissue culture plastic lose characteristics associated with the mature TII cell phenotype and acquire some characteristics of the TI cell phenotype (2, 5, 7, 17, 18) , it has been proposed that cultured TII cells are transdifferentiating into TI cells, although the similarities and differences between cultured TII cells and TI cells are largely undefined.
We used microarray analysis for gene expression profiling of freshly isolated rat TI and TII cells and cultured TII cells. The goals of this study were: 1) to describe molecular phenotypic "fingerprints" of TI and TII cells; 2) to gain insight into possible functional differences between the two cell types through inferred functions of differentially expressed genes; 3) to identify genes that might indicate potential functions of TI cells, since so little is known about the functions of this cell type; and 4) to ascertain the similarities/differences in gene expression between cultured TII cells and freshly-isolated TI and TII cells. For these experiments, we used only preparations of isolated TI and TII cells that contained <2% cross-contamination. Using a false discovery rate of 1%, there were 601 genes demonstrating >2 fold different expression between TI and TII cells.
Those genes with very high levels of differential expression may be useful as markers of cell phenotype and in generating novel hypotheses about cellular functions of TI and TII cells. We found similar numbers of genes differentially expressed between freshly isolated TI and cultured TII cells (698 genes), freshly isolated and cultured TII cells (637 genes) and freshly isolated TI and TII cells (601 genes). Tests of sameness/difference such as cluster dendrograms and log/log identity plots indicated major differences in phenotypes of the cultured TII cell populations in comparison with freshly isolated TI or TII cells. The latter results suggest that experiments with the cultured TII cell model should be interpreted with caution with respect to biologic relevance to either TI or TII cells.
METHODS

Cell isolation
Because the purity of cell preparations is important in analyzing the results of experiments with isolated cells, we discarded any cell preparation that contained >2% cross-contamination of cell types between the TI and TII cell populations, as determined by immunostaining with antibodies specific for each cell type (16, 18) . To obtain sufficiently pure cells used for the studies described herein, it was necessary to discard ~ 50% of the preparations of TI cells and ~10% of the preparations of TII cells.
We used specific-pathogen free rats (Simonsen Laboratories, Gilroy, CA) as a source for isolating alveolar epithelial cells. TI cells were isolated as described previously (13) , using immunoselection with magnetic particles to deplete TII cells from the preparations. The TI cell preparations used for these experiments contained 80-91% TI cells and <1.5% TII cells, as analyzed by cytocentrifuged cell preparations stained with monoclonal antibodies specific for apical membranes of each cell type. The remaining cells consisted of alveolar macrophages and lymphocytes, as identified by their typical morphology after modified Papanicolaou staining (14) . A total of 7 different preparations of TI cells were used in these experiments. TII cells were isolated by previously described methods (14) ; TI cells were removed by negative selection with magnetic beads (28) Post-hybridization processing was performed according to the manufacturer's instructions. To assess the quality of the resultant expression data, a number of metrics were examined for each array. Specifically, the 3' to 5' ratios for the signal intensities were examined for both β-Actin and GAPDH for each array. In addition, data quality was assessed by review of the average background, noise (RawQ), and percent present calls for each array.
Statistical analysis of array data
The raw-image data were analyzed using GeneChip Expression Analysis Software (Affymetrix) to produce perfect match (PM) and mismatch (MM) values, to which we applied the robust multi-array average (RMA) algorithm (1, 31) . Figure 7B shows a scatter plot
. We compared this scatter plot to re-sampled M values for TIId0/TIdo vs. itself (
vs.
) ( Figure 7A ).
Groups of differentially expressed genes by functions
To investigate further the difference between the TI and TII cell markers, we compared the functional composition of probesets differentially expressed by TId0 and TIId0. We mapped each probeset to a pre-defined functional group (node in a tree structure)
according to the Gene Ontology (GO) annotation database. A bar plot was constructed to compare the number of genes belonging to each functional group.
Real-time PCR
Aliquots of total RNA used for microarray hybridization were reverse transcribed using 
Verification of differential expression of selected gene products by immunohistochemistry
We used immunohistochemistry to confirm differential expression of proteins encoded by some of the differentially expressed genes. Tissue was fixed, frozen, sectioned and processed for immunocytochemistry as previously described (15 at 2600x2060 dpi with a Leica DC500 camera on a Leica Orthoplan microscope. We tested commercially-available antibodies against the protein products of other selected differentially expressed genes (IGFBP-6, BMP-3, lysyl oxidase, and beta-defensin 2), but found these antibodies not to be useful in tissue due to problems of high-background that could not be resolved using techniques of amplification and/or blocking.
RESULTS
Characterization of the cell populations
We used previously-described methods to isolate TI and TII cells from rat lungs. Cell preparations were assessed by staining with monoclonal antibodies against apical plasma membrane proteins specific to each cell type. Representative cell preparations are shown in Figure 1 . There was < 2% cross-contamination between the TI and TII cell preparations.
Identification of differentially expressed genes
Cross-chip data were normalized by quantile normalization (1) and data were analyzed by the RMA method (32) . The data have been deposited in the GEO database (accession number GSE1567). We identified genes as differentially-expressed if they had greater than 2-fold differential expression and met a false discovery rate of <0.01.
The results demonstrate that there are substantial differences in gene expression among all three groups, freshly isolated TI cells, freshly isolated TII cells, and cultured TII cells.
There were 601 probesets with >2 fold different expression between TI and TII cells 
How good was replication?
To assess the reproducibility of replicates, we calculated the gene-wise standard deviation within and between the three samples groups (TId0, TIId0 and TIId7). The median of the between group standard deviation was 0.17; the within-group standard deviations were 0.12, 0.08, 0.09 for the three samples respectively. These results indicate good reproducibility.
Differentially-expressed genes
TId0 and TIId0
A Table 4 ; this may be useful in identifying additional markers of each cellular phenotype and in generating additional testable hypotheses about cellular functions.
We used real-time PCR (Q-PCR) analysis to test independently whether genes identified by microarray analysis as differentially expressed between TId0 and TIId0 were also differentially expressed by Q-PCR. We selected 6 genes, based on those having potential biologic functions of interest. The data, shown in Table 2 , confirm differential expression. In each case, the fold-change measured by Q-PCR was considerably larger than that measured by microarray analysis. These findings are consistent with those reported by others (63) and probably represent both differences between solid-state and solution hybridization and the use of the RMA algorithm, which provides greater specificity and sensitivity, but may blunt the magnitude of fold-change (32).
TIId0 and TIId7
There were 687 differentially expressed probe sets (Figure 3) Grp IIA, osteonectin, and aquaporin 5, all of which were expressed at >10-fold higher levels in the TId0 cell population than in the TIId7 population; in contrast, tissue inhibitory factor for metalloproteinase 3, previously shown to be expressed in TId0 cells (9) , was expressed ~4-fold higher in the TIId7 cell population, as were lysyl oxidase and frizzled-2. Real-time PCR analysis of TI marker genes verified differences in the level of expression of some of these marker genes between the freshly isolated TI and cultured TII cells (Table 3) . 
Comparisons of similarities and differences between TId0 and TIId7
An unanswered question is how close the cultured TII cell model system is to native TI cells. We compared the molecular profiles of the TId0 and TIId7 cell populations by several different methods.
First, the number of differentially expressed genes between the TId0 and TIId7
populations was similar to the number of differentially expressed genes between TId0
and TIId0 and similar to the number between TIId0 and TIId7, from which one may infer that there are substantial differences in gene expression between the TId0 and TIId7
populations.
Second, we used a resampling method to compare plots of log 2 (TId0/TIId0) vs. log 2 (TId0/TIId0) and log 2 (TIId7/TIId0) vs. log 2 (TId0/TIId0) ( populations are somewhat more closely related than either of these is to the TIId0, but the differences between the TIId0 and TIId7 are almost as great as those between both of these and TIId0.
DISCUSSION
We have used microarray analysis to describe gene expression profiling of freshly isolated rat TI and TII cells and cultured TII cells. The goals of this study were several: 1) to establish the molecular phenotypic "fingerprints" of TI and TII cells; 2) to gain insight into possible functional differences between the two cell types through inferred functions of differentially expressed genes; 3) to identify genes that might indicate potential functions of TI cells, since so little is known about the functions of this cell type; and 4) to ascertain the similarities and differences in gene expression between cultured TII cells and freshly-isolated TI cells. Because the purity of the cell preparations is critical to the interpretation of results, we used only cell preparations that had < 2% cross-contamination by immunocytochemical analysis with cell-specific markers. We chose the Affymetrix Rat Gene chip system because the Affymetrix system is wellcharacterized and because we were using rat TI and TII cells.
The data were analyzed by the RMA algorithm, which, in comparison with alternative methods such as MAS 5.0 and dChip, provides higher specificity and sensitivity when using fold change analysis to detect differential expression. In particular, the precision improves dramatically for probesets with lower gene expression levels, although the foldchange calculation may be somewhat blunted by this method of analysis. We used a combination of a 2-fold expression difference and a false discovery rate of <0.01 to determine differentially expressed genes.
The number of differentially expressed genes was relatively the same in each comparison: TId0 vs. TIId0, TIId0 vs. TIId7, and TId0 vs. TIId7. Most previouslyknown marker genes for TI and TII cells were differentially expressed by array analysis, although the magnitude of the differences varied among probesets and fold-differences for some markers (ex. SP-A, SP-B) appeared to be blunted. Surprisingly, surfactant protein C was not differentially expressed between the TId0 and TIId0 populations in array analysis, although SP-C was differentially expressed by Q-PCR using RNA from the same samples used for the arrays. One possible reason for these results is that the probeset for SP-C on this chip is not unique for SP-C. Blast analysis of the sixteen 25-mer probes revealed significant homologies with other genes. Although the extent to which these probes cross-hybridize with genes other than SP-C is difficult to predict, this factor may be a contributing factor to our results. Even without invoking the lack of specificity of the SP-C probe, there is precedent in the literature for marked discrepancies between expression ratios measured by Q-PCR and array analysis. In a systematic evaluation of array analysis and Q-PCR data, Yuen et al (63) demonstrated that both oligonucleotide arrays and cDNA arrays showed "a marked tendency to underestimate the fold-change ratios of the…mRNAs." For some genes, these effects were extreme, with fold-changes of 200-400 fold by Q-PCR and essentially no change seen on arrays.
The reason for these discrepancies remains unclear, but Yuen et al speculated that the differences may be related to non-specific hybridization or to probe saturation effects.
Because SP-A, SP-B, and SP-C are expressed in high abundance and because the signal appeared close to saturation in all samples, it seems likely that probe saturation may have occurred.
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We used isolated cells for gene expression profiling, as have many other investigators.
The expression of certain genes may be affected by techniques of cell isolation. However, (48) . In addition to its effects in the nervous system, krox-20 is also essential for normal bone formation (41, 42) . Although krox-20 is upregulated after wounding, its presence is not essential for wound healing (27) . Its function in TII cells is a matter of speculation. The polymeric immunoglobulin receptor is a well-described integral membrane glycoprotein that binds IgA at the basolateral epithelial cell surface, stimulating tyrosine-kinase mediated signal transduction (43) . The IgG-pIgR complexes undergo transcytosis, whereby secretory IgA is released into the mucosal lumen.
Although some older studies did not find secretory IgA to be present in alveolar epithelium (52) , others reported that "secretory component" was present in endoplasmic reticulum of TII cells (29) . Our results ( Figure 5C ) show that pIgR is detectable in TII closer to that of TId0 than that of TIId0, but that the TId0 is almost as different from TIId7 as TIId0 is. represented by more than one probeset on the chip, the fold-differences are shown for each of the different probesets. Fold-differences were uniformly greater when measured by Q-PCR. Table 2 were measured by Q-PCR in the TId0 and TIId7 populations, as described in text. Fold-differences were greater when measured by Q-PCR. 
TABLES
